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 This research focuses on a point-source oil contamination scenario for surface 
flow created by a pipeline failure. In this hypothetical scenario, a pipeline crossing two 
different river types (wide and regulated, and narrow, slightly meandering) will begin to 
leak and contaminant the rivers. CORMIX, a U.S. EPA supported mixing zone model, 
was used to model concentration of the near-field, starting from the source of the 
contaminant and throughout the region of interest. CORMIX takes the fundamental 
behaviors of an oil spill to provide an accurate and easy-to-use fate and transport model. 
The severity of the oil spill is categorized into three groups based on the interaction with 
two water quality standards. These water quality standards are the Criteria Continuous 
Concentration (CCC) and the Criteria Maximum Concentration (CMC). These 
concentration levels are based on values that are potentially harmful to aquatic fish and 
plant life in the rivers. 
The hypothesis is that there will be at least one trial for each river type that both 
the Criteria Continuous Concentration (CCC) and the Criteria Maximum Concentration 
(CMC) will not be met in the region of interest (16,000 meters or 10 miles). This 
hypothesis has been supported. When reviewing the results, seventeen of thirty-six 
hypothetical oil spills were determined to be harmful to the environment. Twelve of the 










 1.1.1 Pipeline and Crude Oil 
 Pipeline technology has been used to transport oil products since the late 1800s. 
The United States has the world’s largest pipeline network and it is considered one of the 
most efficient, economical, and safest ways to transport oil materials. There are two types 
of crude oil pipelines. The first is called a gathering line. These are small in size, ranging 
from 2 to 8 inches in diameter, and are in areas where crude oil is found deep below the 
earth’s surface. The second type of line is called transmission lines. This type of pipeline 
is the larger, cross-country pipeline that travels from the oil producing areas to the 
refineries. These pipelines range from 8 to 24 inches; there are a few major transmission 
lines in the United States that have diameters larger than 24 inches. The Dakota Access 
Pipeline (DAPL) travels almost 1,200 miles, spanning through four states, and has a 
diameter of 30 inches. This pipeline was the standard for this research. 
 Light crude oil is a liquid petroleum that flows freely at room temperature and has 
a low density. It is defined by the petroleum industry as crude oil with a low specific 
gravity and high American Petroleum Institute (API) gravity due to the presence of a high 
proportion of light hydrocarbon fractions and low metallic compound. The API gravity is 




petroleum liquid has an API gravity greater than 10, it is lighter and floats on water. If it 
is less than 10, it is heavier and sinks.  
 1.1.2 Fate and Transport 
 Oil transport, oil exploration, inland navigation, and oil storage facilities are all 
possible sources of oil spills. This presents a growing concern and has led to the 
development of mathematical models to help simulate the transport and fate of oil spills. 
These models are used for spill response during accidents, environmental impact 
assessment, contingency planning, and response training. According to the American 
Society of Civil Engineers (ASCE) Task Committee on Modeling of Oil Spills, the 
transport and fate of spilled oil is governed by the following: the advection due to current 
and wind; horizontal spreading of the surface slick due to both turbulent diffusion; 
gravitational, inertia, viscous, and surface tensions; emulsification; mass transfer and 
changes in physicochemical properties of oil due to weathering processes such as 
evaporation, entrainment, and dissolution; and in the interaction of oil with the shoreline 
and ice.  
1.1.2.1 Advection 
Advection is the main mechanism governing the location of oil following its 
discharge. This is described as a physical process that involves the drifting of the surface 
oil slick and the subsurface oil. When looking at sea or ocean spills, the currents induced 
by winds and waves are normally lumped together and represented by an empirically 
based drift factor (Huang, 1983). Due to the fact that most oils are initially buoyant, 
surface currents dominate their transport. The drift velocity   includes both the wind and 




  =   +  		 (1) 
Advection under the ice is a topic that has not received as much attention due to 
the complexity of the situation. When looking at advection under an ice surface, both 
smooth and rough ice must be considered (Shen 1988). The movement of oil under an ice 
cover is dictated by the volume capacity of under-ice roughness elements and the current 
thresholds required in removing oil from these roughness elements (Cox et al. 1981). 
Advection under the ice will not be modeled in this research. 
1.1.2.2 Spreading 
Spreading is the horizontal expansion of an oil slick due to mechanical forces 
such as gravity, inertia, viscous, and interfacial tensions. Spreading of the oil slick is an 
important process in the early stages of oil slick transformation. According to Fay (1971), 
the spreading of an oil slick is considered to pass through three phases. In the beginning 
phase, only gravity and inertia forces are important. In the middle phase, the gravity and 
viscous forces dominate. The balance between surface tension and viscous forces governs 
the final phase. When oil is under ice, the spreading force is the buoyancy force, which is 
the equivalent of gravity in the surface water spreading (Yapa, 1990). 
1.1.2.3 Evaporation  
Evaporation accounts for the largest loss in oil volume during the early stage of 
the slick transformation. In a few days, light crude oils can evaporate as much as 75% of 
the starting oil mass. Medium crudes can evaporate up to 40% and heavy or residual oils 
may only evaporate up to 10% of its original mass in the first few days following a spill. 
Several fundamental differences exist between the evaporation amongst a pure liquid, 




liquid such as water, the evaporation rate is constant with respect to time. The 
evaporative loss is logarithmic with respect to time for a multicomponent mixture. This 
logarithmic variation is caused by the depletion of the more volatile components, which 
occurs exponentially with time. The second major difference is the impact it has on the 
surrounding environment. Water evaporation is not as harmful to the air quality because 
the air can hold a certain amount of water mass. The air does not normally contain high 
levels of harmful components that can be well achieved from an evaporating oil slick. 
1.2 Terminology 
 These definitions are crucial to have a complete understanding of this research.  
 1.2.1 The Criteria Continuous Concentration (CCC) 
 The CCC is a concentration level that should not be exceeded if the concentration 
is to be applied as a 96-hour concentration. This concentration level can have harmful 
effects if applied for a long period; short-term exposure is not immediately dangerous. 
 1.2.2 The Criteria Maximum Concentration (CMC) 
 The CMC is a concentration level that should not be exceeded if the concentration 
is applied for an hour. This concentration level can have harmful effects if applied for a 
short period. The effected population increases as concentration is applied for longer 
periods. 
 1.2.3 The Near-Field Region (NFR) 
 The near-field region is defined as the region of a receiving water where the initial 
jet characteristic of momentum flux, buoyancy flux and outfall geometry influence the jet 
trajectory and mixing of an effluent discharge. The near-field region changes with every 




 1.2.4 The Far-Field Region (FFR) 
 The far-field region is defined as the region of the receiving water where buoyant 
spreading motions and passive diffusion control the trajectory and dilution of the effluent 
discharge plume. The far-field region changes with every trial; it is not a permanently 
placed value. 
1.3 Hypothesis 
 There will be at least one trial for each river type that both the Criteria Continuous 
Concentration (CCC) and the Criteria Maximum Concentration (CMC) will not be met in 
the region of interest (16,000 meters or 10 miles) 
1.4 Research Motivation 
Pipeline safety technology has advanced significantly since it first started being 
used. This form of transportation is considered one of the safest and most efficient ways 
to transport crude oil products. Modern pipelines are equipped with safety shutoff values 
and are monitored constantly. Even with the safety technology advances of the modern 
pipeline, there were hundreds of pipeline spills in the United States over the past year. 
Pipeline incidents are rare, however, they do happen and can have serious environmental 










2.1 CORMIX and Other Spill Models 
 During an emergency, such as a chemical spill, there are models that can be used 
to simulate the effects of toxic chemical spills. These emergency models are often one-
dimensional since a two- or three-dimensional model often requires additional data, 
longer run times, and may not provide a result in a timely manner. Two of the commonly 
used one-dimensional toxic spill models are described in the following paragraphs. 
 The Riverine Spill Modeling System is a general model that simulates transport of 
a constituent as a result of a spill of known quantity and duration (Bahadur, 2015). This 
model calculates the time of travel for the spill peak, leading edge, and trailing edge 
based on flow. The PC - Pollutant Routing Model (PC-Proute) is a simple first order 
decay routing model that estimates aqueous pollutant concentrations on a reach stream 
flow basis. It utilizes an improved method of estimating average reach concentration of a 
pollutant. These models can provide emergency planners and responders with the 
information needed to determine the travel time and fate of harmful chemical spills at 
downstream locations.  
Bahadur and Samuels used a combination of the National Hydrography Dataset 
Plus version 1 (NHDPlusV1) and ICWater to model the fate and transport of a spill in the 




evolved over the years and uses real-time stream flow monitoring stations to compute 
travel time and concentration of contaminants. In 2014, an estimated 10,000 gallons of 4-
methycyclohexane (MCHM) and propylene glycol phenyl ether, both solvents used in 
coal processing, leaked from a ruptured container into the Elk River. This spill occurred 
just over one mile from a water treatment plant which then banned the use of the water 
for anything other than flushing toilets and fighting fires. Approximately 300,000 West 
Virginian residents were affected by this spill. In addition to the immediate drinking 
water threat, there were also concerns about the downstream effects that could flow into 
the Ohio River. This river is used by nearly 3 million people as a drinking water source 
(Bahadur, 2015).  
The Exxon Valdez and Deep Water Horizon oil spills have highlighted the 
potential for human caused environmental damages (Samuels et al. 2013). Due to 
incidents like these, researchers have developed an oil spill model that is operable on the 
global scale. This model uses a combination of other models, including the General 
NOAA Operational Modeling Environment (GNOME) model and the Automated Data 
Inquiry for Oil Spills weathering model. GNOME can be run in batch mode to produce a 
large number of trajectories under variable environmental conditions. This model can be 
used for both real-time response, forecast simulations, and probabilistic risk analysis 
based on climatological wind data and ocean current data. 
The Deep Water Horizon Spill was the largest oil spill in U.S. history and 
presented an unprecedented threat to aquatic life in the Gulf of Mexico. Although oil 
gushing to the surface diminished after the well was capped, much remains to be known 




effects on marine life (Liu, 2011). In order to track the oil spill using a model, a 
combination of ocean circulation models were used in sequence to account for certain 
errors. This type of modeling is called ensemble modeling. It accounts for the 
uncertainties for a single model and provides a more averaged forecast for the 
trajectories. This way of modeling had limited success but a call for future ensemble 
modeling of oil spills is needed. 
An independent validation study of CORMIX, alongside four Environmental 
Protection Agency (EPA) models, compared the near-field mixing zone for multiport 
diffusers in the Great Lakes. Cities around the Great Lakes discharge sewage effluent into 
the near-shore area of the lakes for convenience and often as a matter of necessity. This 
results in water quality that varies from excellent to extremely polluted, depending on the 
degree of treatment previously provided. In the study by Tsanis and Valeo, it was found 
that CORMIX has fewer limitations than the previous models and can be applied for 
near-field and partly far-field analyses of single and multiple port diffusers. Therefore, it 
is safe to say that CORMIX was verified with laboratory data and limited field data. 
CORMIX uses a classification system based on a length-scale representation of 
all dynamic features that classifies the possible flow configurations into 35 generic flow 
classes (Jirka, 1991). Flow classes “V” and “H” are classes for buoyant discharges into 
uniform ambient layers. Discharges are classified as stable or unstable. Flows with strong 
momentum and weak buoyancy, occurring in a shallow-water layer, tend to be unstable 
(Jirka, 1991). Discharges into a deep-water layer have stable flow classes (Jirka, 1991). 
An in-depth explanation of the classes found in this research through CORMIX can be 










 CORMIX is an U.S. EPA supported mixing zone model for environmental impact 
assessment of regulatory mixing zones. This model focuses on continuous point source 
discharges and highlights the role of boundary interaction to predict steady-state mixing 
behavior and plume geometry. The methodology behind CORMIX allows it to model 
single-port, multiport diffusers, and surface discharge sources. There have been 
numerous independent CORMIX validation studies.  
 For this research, calibration of the model was difficult because it was simulated 
hypothetical scenarios and there was very little oil spill data available from the field. 
During an oil spill, it is more important to focus on clean up and safety than collecting 
concentration samples. CORMIX has been validated for this research by mathematically 
calculating the dilution concentration, 
̅, certain distances away from the discharge point 
using equations 2 & 3, found in the following section, and comparing that with the 
CORMIX value for the same distance. In these equations, “B” is defined as the initial 
specific buoyancy flux. The specific buoyancy flux is dependent on the different densities 
of the discharges and the flow rate of the discharge. Oil is a buoyant jet plume, which 
means that the jet will dominate the effects of the dilution early on in the contamination 




based scenario. Due to this reason, a round-plume dilution equation (equation 3) has been 
used at the farthest z-distance known in CORMIX. This distance was used because it is 
the most representative of the plume scenario, but this could also be a source of error for 
the mathematical calculation.  










Using the equations above, a 
̅ value of 231.8 is found at a distance of 5.50 
meters away from the contamination source, which has a discharge of .001416 m3/s. This 
value is similar to the value found by CORMIX, which is 254.9 for the same variables. 
These two values are comparable within 10% and the error is acquired by the small 
amount of ambient flow required to run the CORMIX model. These values are close 
enough to validate CORMIX for the use of this research. 
3.2 Scope of the Work 
 There were two different types of rivers being used in the model. The first was 
modeled after the Missouri River in North Dakota near Bismarck. This stretch of river is 
assumed to be a uniform, slow moving, wide river. It has a depth of 20 feet (6.096 
meters) and a width of 1 mile (1609.34 meters). The second river case was modeled after 
the St. Croix River on the border of Minnesota and Wisconsin, near Stillwater, 
Minnesota. This particular river has a slight meandering appearance, a depth ranging 




 There were 36 total trials between the two river cases. For both river cases, there 
were three trials affecting river discharge and river height. This was modeling a low, 
medium, and high river flow. For each of these trials, a low, medium, and high discharge 
flow was modeled. After this was completed, an additional nine trials were simulated to 
change the riverbed composition. This created 18 trials per river and 36 trials overall 
between the two rivers. The layout for naming purposes for case 1 has been shown in 
Table 1. For organization and space saving, the following layout was used in all aspects 
of this research. The “1” at the start of the name signified that the following information 
would consist of the case 1 river. After that, the river flow was given priority due to the 
layout used in CORMIX; the next letter coincided with river flow. The letters ranged 
from “a” to “c” with low flow being “a” and high flow being “c.” The same process was 
used for the discharge flows. A low river flow (LRF) and a medium discharge flow 
(MDF) would be named: 1a_b_. In addition to this process, for sandy soil an “ss” was 
added to all trials. A low river flow and medium discharge flow with sandy soil would be 
named: 1a_b_ss. This naming process has been used in all of the results gathering and 
will be helpful for differentiating the results found in the appendix. 
 Multiple variables were changed to create subcases for each river trial. These 
variables included discharge flow, river flow, discharge port area, river depth, and water 
temperature. The variables above were manipulated in order to model seasonal changes. 
For example, during the summer months a river has higher water temperatures but a 
lower flow rate and river depth. These manipulations have been done in each scenario for 





Table 1. Naming Process. The first number signifies case number, the first letter signifies 












    
Low River Flow 
(LRF) 
 
1a_a_ 1a_b_ 1a_c_ 
Med. River Flow 
(MRF) 
 
1b_a_ 1b_b_ 1b_c_ 
High River Flow 
(HRF) 
 
1c_a_ 1c_b_ 1c_c_ 
 
 This research is based off of the DAPL that has a maximum flow rate at full 
capacity of .87 m3/s. This discharge flow rate is used as a top bound for a worse case 
scenario. The minimum discharge is comparable to a fire hose, approximately .001416 
m3/s. The in between discharge flow rate is also studied; this value is ten times the 
minimum value, approximately .01416 m3/s. These differing discharge values are the 
same for the two river cases.  
 The other main variable that was drastically changed for this model is the port 
diameter/area. This change in variable was to simulate a change in riverbed soil 
composition. If a riverbed is composed of silty/clay soil, the discharge will seep from a 
smaller crack in the riverbed. For this scenario, a diameter of 1/6 of an inch (.004233 
meters) was used. If a riverbed has a sandy soil composition, the area of the discharge site 
is larger. In these cases, an area of 8 inches2 (.0052 m2) was used to simulate a sandy soil.  
 Two standards that must be input into the model are the Criteria Continuous 




are water quality criteria to prevent toxic chemicals from polluting the environment and 
are put in place for many different chemicals and pollutants ranging from arsenic to 
chlorine to lead. The CCC and CMC also protect aquatic life and the balance of the 
ecosystem in jeopardy. These standards are based off of the U.S. Environmental 
Protection Agency Hazard Characterization Document under the crude oil category. For 










4.1 Missouri River 
 The Missouri River case study validated the hypothesis, which stated that one trial 
for each river case would not meet the CMC and CCC values. Seven of the eighteen trials 
traveled through the region of interest with concentrations that were above either the 
CMC or the CCC thresholds. Over thirty-eight percent of the trials for the Missouri River 
simulations had concentrations of over .0042%, the value for the CCC water quality 
standard. All of the Missouri River cases exhibited upstream spreading; this could be 
seen as far as 2500 meters and as little as 20 meters. The concentrations at these upstream 
points were all above the CMC and CCC water quality standards.  
 4.1.1 Low River Flow (LRF) 
 Four of the six cases for low river flow are concerning according to the CMC and 
CCC for the region of interest. Two trials finished above both environmental thresholds 
placed for protection of aquatic life, HDF for clay soil, and HDF for sandy soil. Both of 
the HDF trials for this case appeared to have decreasing concentrations after the region of 
interest. Another concerning case is the MDF for a sandy riverbed. This trial followed 
many of the other cases where the initial concentration dropped off exponentially from 
the start of the contamination. However, this trial plateaued at a concentration of .005%, 




cause damage to fish and other aquatic life. All three sandy trials, HDF, MDF, and LDF, 
had spreading upstream. The low discharge flow spreads were only 21 meters upstream. 
The medium discharge flow spreads were approximately 200 meters upstream, while the 
high discharge flow spreads were over 2500 meters upstream. The LDF for a clay 
riverbed also spread upstream. This spreading occurred at a distance of only 23 meters. 
All upstream concentrations were greatly above the CMC and CCC. The medium 
discharge in a clay riverbed scenario finished its simulation below the CMC but above 
the CCC. In this trial, the concentration decreased exponentially over the course of 1600 
meters and then increased its concentration above the CCC threshold, as shown in Figure 
1. This happened only for a brief moment and did not pose a threat to the environment in 
the long-term. The LDF trials for both the sandy and clay simulations had concentrations 
that were negligible and non-threatening to aquatic life based on the CMC and CCC.  
 4.1.2 Medium River Flow (MRF) 
 The majority of the trials for the Missouri River during medium river flow were 
not harmful to the environment based on the CMC and the CCC. Two trials stood out as 
being harmful to the environment for an excessive distance from the point of 
contamination. These trials were the HDF in both sandy and clay soil. The HDF sandy 
riverbed trial exhibited upstream spreading for a distance just over 300 meters. This trial 
also had a concentration that decreased downstream for approximately 1100 meters and 
then plateaued at a concentration of 2.42% for the remainder of the region of interest as 
shown in Figure 2. This is extremely concerning since this concentration level is almost 





Figure 1. LRF cases for the Missouri River. 
 
After initial contamination, this trial had a peak concentration of over 5%. This high 
concentration occurred over 9600 meters (6 miles) downstream. Concentrations 
decreased rapidly after this mark but remained above both CCC and CMC thresholds 
during the region of interest. All other trials had a prompt concentration decrease from 
the point of contamination and were below the CMC at or before the first 1600 meters (1 
mile). The same was true when looking at the CCC. All other trials met the CCC 
threshold in a distance of 3200 meters (2 miles). Although these trials met the water 
quality standards downstream, many of these trials show spreading upstream. This 
scenario was the same for the LRF upstream spreading cases. Four total trials had 




LDF for clay soil. The distances they spread upstream were 320, 26, 3, and 5 meters, 
respectively.  
Figure 2. MRF for the Missouri River. 
 
 4.1.3 High River Flow (HRF) 
 The results for HRF were almost identical to the results for MRF. The high 
discharge flows for both clay and sandy riverbeds are the main concern in this trial. The 
HDF sandy trial acted almost identically to the section above. This trial had spreading 
upstream for 33 meters and then plateaus at a value of 3.63%, as shown in Figure 3. It 
was an increase from the MRF trial and was one of the highest concentrations at the end 
of the region of interest. This trial is of great concern due to the fact the final 




the MRF. The HDF clay trial had a concentration of over 5% over 9600 meters away 
from the contamination spot and then decreased exponentially after that. The 
concentration was still above the CMC after the region of interest ends. The MDF and 
LDF trials acted similarly to the comparing trials in the section above. All trials met the 
CMC and CCC thresholds within 1600 and 3200 meters respectively.  
Figure 3. HRF for the Missouri River. 
 
 4.1.4 Clay Riverbed 
 A different way to categorize the simulation trials is by soil composition. For the 
clay riverbed trials, only the high discharge flows are a concern to the environment based 
on the CMC and CCC standards. The HDF trials roughly followed the same shape from 




concentrations were much higher than all other trials. The other trials had a concentration 
below the CMC before the 1600-meter distance. The LRF-MDF had a secondary peak at 
approximately the 8000-meter mark. This peak had a concentration of .005%. This was 
slightly above the CCC standard but the concentration did decrease after this peak to a 
level that is not an environmental threat. The other five trials had an ending concentration 
that ranged between 0.001 to 0.0025%. All of these concentrations were below both 
water quality standards. 
Figure 4. Clay riverbed trials for the Missouri River. Only HDF trials cause a harmful 





 4.1.5 Sandy Riverbed 
 Four of the trials from the sandy riverbed trials are of environmental concern. All 
four concerning trials had upstream spreading that could also pose a threat to the 
environment. Three HDF trials, all of varying types of river flow, had concentrations 
above the water quality standards at the end of the simulations. The highest concentration 
was 3.63% and occurred in the low river flow with high discharge flow simulation, as 
shown in Figure 5. The LRF-MDF trial had an ending concentration that was below the 
CMC but above the CCC and is of concern for long-term exposure. The other five trials 
are of no concern to the environment based on these water quality standards. 
 




4.2 St. Croix River 
 With overwhelming results, the St. Croix River case study validated the 
hypothesis that one trial for each river case would not meet the CMC and CCC values. 
Ten of the eighteen trials traveled through the region of interest with concentrations that 
were above either the CMC or the CCC thresholds. Over fifty-five percent of the trials for 
the St. Croix River simulations had concentrations of over .0042%, the value for the CCC 
water quality standard. There was no upstream spreading in the St. Croix River trials. The 
St. Croix River does hold the highest concentrations after the region of interest. 
 4.2.1 Low River Flow (LRF) 
 The HDF for both clay and sandy soil are of environmental concern for the St. 
Croix River during LRF. The HDF sandy riverbed causes the most concern out of all 
trials in this research. The trial had a concentration at the end of the region of interest that 
was 760 times the CMC. This value of 11.4% was the highest concentration value at the 
end of the region of interest in all of the trials during this research. The HDF clay 
riverbed trial is also a concern, with an ending concentration of over .5%. The HDF clay 
trial had a slow drop in concentration over the first 9600 meters and drastically decreased 
after that point. Around 14400 meters (9 miles), the concentration started to flatten out at 
.512%, as shown in Figure 6. The medium river flow trials had an almost identical 
concentration path. Both clay and sandy soil trials for this river flow finished with a 
concentration below the CMC but above the CCC. These trials ended the region of 
interest with a concentration of approximately .00833%. The LDF trials finished the 




Figure 6. LRF trials for the St. Croix River. The HDF sandy riverbed presents the most 
concern of all trials, with an ending concentration that is 760 times above the CMC. 
 
 4.2.2 Medium River Flow (MRF) 
 Three trials in the MRF simulations cause concern based on the water quality 
standards. The high discharge flow for both soil compositions had concentrations above 
the CMC at the end of the region of interest. The HDF sandy riverbed trial decreased by a 
factor of ten within the first 150 meters but then flattened out over the next 16000 meters 
to a concentration that was just under 7.5%. The HDF clay riverbed had a lower 
concentration than the HDF sandy trial but it was still above the CMC. This trial followed 
the path of LRF-HDF clay trial. The concentration decreased slowly over the first 9600 
meters, as shown in Figure 7. After this point, the concentration decreased rapidly and 




almost three factors of ten within the first 100 meters. The concentration then leveled out 
to a value of .005%. This concentration was slightly above the CCC standard and is a 
concern for the aquatic environment.  
Figure 7. MRF trials for the St. Croix River. 
 
 4.2.3 High River Flow (HRF) 
 Two trials in the high river flow simulations are of concern for environmental 
impact. Both of these trials were high discharge scenarios. The sandy and clay riverbed 
simulations were almost identical. They both had the same shape with only slight 
differences within the first 1600 meters; this difference is displayed in Figure 8. The main 
difference was a .3% concentration difference in a distance of approximately 185 meters. 




the HRF trials. The only dissimilarity was a small concentration difference within the 
first 1600 meters. This was also true for the low discharge flow trials. This meant that the 
soil composition did not have an effect on the concentration for the high river flow 
simulations.  
 
Figure 8. HRF trials for the St. Croix River. 
 
 4.2.4 Clay Riverbed 
 Seven trials in the clay riverbed simulations shared the concentration trends. 
There was a sharp decrease over the first 100 meters and then these trials leveled out over 
a variety of different concentrations. These concentrations ranged from 0.102 -0.001%, as 
shown in Figure 9. Five of the total nine trials cause concern based on the environmental 




above both the CCC and CMC standards. Two MDF trials had ending concentrations that 
were below the CMC but above the CCC. Those trials were the MRF and LRF. Their 
concentrations at the end of the region of interest were 0.005% and 0.00833%, 
respectively. Zero of the LDF trials are a concern to the environment based on the CCC 
and CMC standards.  
 
Figure 9. Clay riverbed trials for the St. Croix River. 
 
 4.2.5 Sandy Riverbed 
 The sandy riverbed trials had the same number of harmful trials as the clay 
riverbed trials and the same that were witnessed in the clay riverbed trials. The ending 
concentrations for these ranged from 11.4% to 0.001%, as shown in Figure 10. Two trials 




that were multiple factors of ten above the rest of the trials. The HRF-HDF is also of 
concern with a concentration that ends the region of interest with a value of 0.1%. The 
LRF-MDF and MRF-MDF are also a concern according to the CCC and CMC standards. 
All other trials are not a concern to the environment based on water quality standards. 
 











 Seventeen of thirty-six trials did not reach both the CMC and CCC water quality 
goals. This is a concerning result and validates the hypothesis with overwhelming 
support. For the trials that did meet this requirements, the CMC distances ranged from 
205 meters to 1600 meters and the CCC distances ranged from 205 meters to 3200 
meters. An “X” is placed for the trials that do not meet the water quality standards. 







Case Identifier CMC Distance (m) CCC Distance (m) Severity Category Hypothesis Supported
Case 1 Yes
1a_a_ 220 610 Limited
1a_a_ss 215 600 Limited
1a_b_ 1200 1600 Limited
1a_b_ss 1250 X Moderate
1a_c_ X X Severe
1a_c_ss X X Severe
1b_a_ 210 250 Limited
1b_a_ss 220 260 Limited
1b_b_ 1230 2580 Limited
1b_b_ss 1600 2680 Limited
1b_c_ X X Severe
1b_c_ss X X Severe
1c_a_ 400 600 Limited
1c_a_ss 400 600 Limited
1c_b_ 1150 3200 Limited
1c_b_ss 1550 2400 Limited
1c_c_ X X Severe




Table 2. cont. 
 
________________________________________________________________________ 
There are seven trials that do not meet the CMC and CCC requirements for the Missouri 
River trials. The number of failed trials increases to ten for the St. Croix River trials. This 
data is shown in Table 2. The severity category for each trial has been stated on a scale 
from limited to severe. The hypothesis was stated as at least one trial for each river type 
that both the Criteria Continuous Concentration (CCC) and the Criteria Maximum 
Concentration (CMC) will not be met in the region of interest (16,000 meters or 10 
miles). This hypothesis has been validated for both river types.  
 
  
Case Identifier CMC Distance (m) CCC Distance (m) Severity Category Hypothesis Supported
Case 2 Yes
2a_a_ 600 1390 Limited
2a_a_ss 600 1390 Limited
2a_b_ 1450 X Moderate
2a_b_ss 1450 X Moderate
2a_c_ X X Severe
2a_c_ss X X Severe
2b_a_ 650 1200 Limited
2b_a_ss 650 1200 Limited
2b_b_ 1600 X Moderate
2b_b_ss 1600 X Moderate
2b_c_ X X Severe
2b_c_ss X X Severe
2c_a_ 205 205 Limited
2c_a_ss 205 205 Limited
2c_b_ 1200 1625 Limited
2c_b_ss 1200 1625 Limited
2c_c_ X X Severe









5.1 Severity Categories 
 The hypothesis for this research is that at least one trial for each river type in the 
region of interest (16,000 meters or 10 miles) will not meet both the Criteria Continuous 
Concentration (CCC) and the Criteria Maximum Concentration (CMC) standards. The 
trials can be classified into subcategories based on the severity of the contamination spill. 
There are three classes of severity: 1. Limited to None Contamination 2. Moderate 
Contamination 3. Severe Contamination. Trials that fall into the severe contamination 
group have ending concentrations that are above the CMC standard. These trials are an 
immediate threat to aquatic life. Trials that have an ending concentration below the CMC 
standard but above the CCC standard are filed under the moderate contamination. This 
category has a decrease impact on aquatic life immediately upon contact but can cause 
major harm if contamination continues long-term. The last category encompasses trials 
with an ending concentration below both the CCC and the CMC. These trials have a 
limited or no effect on aquatic wildlife.  
 5.1.1 Missouri River 
 There are eighteen total cases for the Missouri River oil spill simulation. Eleven 
of the eighteen cases fall into a Category 1 spill. This means that there was little to no 




water quality standards were reached within the first 1600 meters and many of them were 
reached within the first thousand meters. The majority of these trials were low to medium 
discharge flow cases in a variety of river flows. These cases all had negligible 
concentrations at the end of the region of interest and are only a concern within the first 
approximate 1600-3200 meters of the spill. There are no long-term concentration threats 
with these Category 1 cases.  
 All of the trials passed through the zone between the CMC and the CCC. 
However, the main threat of this zone is long-term. When concentrations remain in this 
zone for an extended period (upwards of 96-hours), harm to aquatic life is probable. 
There is one Category 2 case in the Missouri River trial. This case was the LRF-MDF for 
a sandy riverbed. The main threat to the environment was the long-term contamination 
these results could pose. The concentration at the end of the region of interest was not 
high enough to cause immediate harm to aquatic life, but over time, this concentration 
(0.005%) could cause harm. 
 A third of the eighteen trials have Category 3 rating. These trials were all HDF 
cases. They are an immediate threat to aquatic life throughout the entirety of the region of 
interest. These cases revealed concentration levels that range from two to 242 times the 
CMC standard. It is clear that river flow does not have an altering effect, in terms of 
category, on the concentration, when the discharge is this high.  
 5.1.2 St. Croix River 
 Less than half of the trials for the St. Croix River were Category 1 spills. Only 
eight of the eighteen total cases for this river had little to no environmental impact 




with concentrations below the CCC shortly after the first 1600 meters. The other two 
cases in this category are the HRF-MDF trials for both soil compositions. These cases 
also meet both standards at approximately the 1600-meter mark. These cases all 
decreased rapidly within the first hundreds of meters and remained under the water 
quality standards throughout the remainder of the region of interest. For both soil 
riverbed compositions, these Category 1 trials had almost identical shape and 
concentrations. This shows that soil composition is not a leading factor in concentration 
change and other factors should be explored.  
 Four cases for the St. Croix River simulations fell under Category 2 spills. For 
both soil compositions, the LRF-MDF and the MRF-MDF had concentrations between 
the CCC and the CMC. These concentration levels are not harmful to aquatic life in short 
periods but can cause harm if lived in for an extended period. For both soil riverbed 
compositions, these Category 2 trials had almost identical shape and concentrations. Soil 
composition is not a leading factor in concentration change and other factors should be 
explored. 
 Six trials for the St. Croix River fell under the Category 3 contamination spill. 
These trials were all HDF with varying river flow ranging from low to high. The HDF-
HRF was almost identical in shape and concentration for both the sandy soil and clay 
riverbed trials. All of these trials have  + harmful concentrations ranging from 6.8 to 760 
times the CMC concentration. These concentration levels could cause immediate harm to 





 5.2.1 Methodology Assumptions 
 The pipeline that is modeled is an underground pipeline that crosses numerous 
bodies of water. This pipeline is buried approximately 95 feet (minimum) under these 
water bodies. This means that in order for the contaminant to reach the river it will have 
to travel through a layer of clay/shale, sand, and sandy/clay to reach the riverbed. This 
movement through these layers is not modeled using CORMIX. Thus, the soil riverbed 
assumption is necessary. For a clay riverbed, a smaller port diameter is used to simulate a 
smaller crack in the riverbed in which the contaminant has seeped through. For a sandy 
riverbed, a larger port area is used to simulate a more porous bottom in which the 
contaminant has seeped through. This assumption could be avoided with software that 
can model multiple layers of differing materials.  
 5.2.2 CORMIX Assumptions  
For all trials, a conservative pollutant is assumed. This is eliminating the 
evaporation that would occur during a long-term oil spill and could cause concentration 
levels to decrease. Another assumption made for the effluent is the discharge 
concentration. This value was set to “100%” for convenience purposes and to give a 
platform on which comparison between the two rivers would be easily achieved. This 
research also assumes a steady state flow throughout the river. This would not be found 
in the majority of rivers due to fluctuating flowrates throughout the region of interest. 
The port diameter/area is also an assumption made in this research. This has been stated 
before in the sections above. However, it is necessary to assume differing port sizes based 




5.3 Errors and Future Work 
 This research focuses on the near-field mixing zone of two different types of 
rivers that has faced a contamination spill. When looking at a region of interest that is far 
from the initial contamination point, results in CORMIX may be less reliable. For future 
work, the far-field locator in CORMIX should be used to avoid this error. Other future 
work includes more discharge flow trials as well as more river types.  
 To increase accuracy of the overall model, a non-conservative effluent could be 
used to include the evaporation factor for the oil spill. The evaporation of oil during spills 
is an important aspect of this model. Due to the use of a conservative contaminant option 
for this research, the evaporation is not included. This could cause significant errors for 
trials that have fast surfacing oil plumes. The evaporation factor should be taken into 
consideration once the oil reaches the surface. This evaporation factor can cause a 
reduction up to 75% of the original oil mass for light crude oils within the first few days. 
The non-conservative option must be the next step for this model to continue to be a 











The outcomes of this research show a potential oil spill from a pipeline failure in 
the two river types mentioned would be harmful to aquatic life, according to the water 
quality standards stated and if the discharge flow is strong enough. In total, seventeen of 
thirty-six proposed trials were determined to have a negative impact on the environment. 
The hypothesis was validated due to the number of trials that have concentrations over 
the CCC and CMC standards. However, the number of trials that are harmful to the 
environment is well above the expected results. When reviewing the low discharge flow 
trials, zero of the case studies were harmful to the environment after the initial drop in 
concentration. The results that were gathered for the other two discharges tested were 
more harmful to the environment than originally thought. The damage to the aquatic life 
during the medium or high discharge trials would be dangerous to fish and plant life 
during almost 71% of proposed spills. Seventeen out of twenty-four possible spills were 
determined to be dangerous to aquatic life in the rivers. When looking at the high 
discharge flows, all of the spills, regardless of river type, were determined to be severely 
dangerous. These spills had concentrations that exceeded the CCC and CMC by 760 
times the expected outcome. Based on these results, discharge flow is the most important 
variable when determining severity of a potential spill. It is more important than river 




broad range of discharge flows will be done in future work to further confirm this 
finding. 
In conclusion, CORMIX proved it was capable of modeling a positive buoyant, 
point source contaminant for multiple different river types. These river types included a 
wide, slower moving, regulated river such as the Missouri River and a narrow, fast 
moving, slightly meandering river such as the St. Croix River. CORMIX was proficient 
in modeling the nearfield mixing zone for all trials and displayed those results in a 
pleasing manner. The software was user friendly and capable of performing a single port 
contamination design for this research. CORMIX results show the appropriate behavior 
for an oil spill fate and transport model based on previous model results. This research 
did not model non-conservative contaminants so mechanisms such as evaporation and 










CORMIX Inputs for all Trials 
 
 1a_a_ 1a_a_ss 1a_b_ 1a_b_ss 1a_c_ 1a_c_ss 
       
Effluent       
Discharge Concentration (%) 100 100 100 100 100 100 
Flow Rate (m3/s) 0.001416 0.001416 0.014158 0.014158 0.87 0.87 
Density (kg/m3) 870 870 870 870 870 870 
       
Ambient       
Average Depth (m) 6.096 6.096 6.096 6.096 6.096 6.096 
Depth at Discharge (m) 6.096 6.096 6.096 6.096 6.096 6.096 
Wind Speed (m/s) 4.4704 4.4704 4.4704 4.4704 4.4704 4.4704 
Flowrate (m3/s) 283.17 283.17 283.17 283.17 283.17 283.17 
Width (m) 1609.34 1609.34 1609.34 1609.34 1609.34 1609.34 
Manning's n 0.03 0.03 0.03 0.03 0.03 0.03 
Temperature ( C ) 18 18 18 18 18 18 
       
Discharge       
Nearest Bank  left left left left left left 
Distance to Nearest Bank (m) 804.67 804.67 804.67 804.67 804.67 804.67 
Theta (degrees) 90 90 90 90 90 90 
Sigma (degrees) 0 0 0 0 0 0 
Port Diamter (m) 0.004234 X 0.004234 X 0.004234 X 
Port Area (m2) X 0.0052 X 0.0052 X 0.0052 
Port Ht. Above Channel Btm. (m) 0 0 0 0 0 0 
       
Mixing Zone       
CMC (%) 0.015 0.015 0.015 0.015 0.015 0.015 
CCC (%) 0.0042 0.0042 0.0042 0.0042 0.0042 0.0042 
Region of Interest (m) 16093 16093 16093 16093 16093 16093 













 1b_a_ 1b_a_ss 1b_b_ 1b_b_ss 1b_c_ 1b_c_ss 
       
Effluent       
Discharge Concentration (%) 100 100 100 100 100 100 
Flow Rate (m3/s) 0.001416 0.001416 0.014158 0.014158 0.87 0.87 
Density (kg/m3) 870 870 870 870 870 870 
       
Ambient       
Average Depth (m) 6.096 6.096 6.096 6.096 6.096 6.096 
Depth at Discharge (m) 6.096 6.096 6.096 6.096 6.096 6.096 
Wind Speed (m/s) 4.4704 4.4704 4.4704 4.4704 4.4704 4.4704 
Flowrate (m3/s) 566.37 566.37 566.37 566.37 566.37 566.37 
Width (m) 1609.34 1609.34 1609.34 1609.34 1609.34 1609.34 
Manning's n 0.03 0.03 0.03 0.03 0.03 0.03 
Temperature ( C ) 4 4 4 4 4 4 
       
Discharge       
Nearest Bank  left left left left left left 
Distance to Nearest Bank (m) 804.67 804.67 804.67 804.67 804.67 804.67 
Theta (degrees) 90 90 90 90 90 90 
Sigma (degrees) 0 0 0 0 0 0 
Port Diamter (m) 0.004234 X 0.004234 X 0.004234 X 
Port Area (m2) X 0.0052 X 0.0052 X 0.0052 
Port Ht. Above Channel Btm. (m) 0 0 0 0 0 0 
       
Mixing Zone       
CMC (%) 0.015 0.015 0.015 0.015 0.015 0.015 
CCC (%) 0.0042 0.0042 0.0042 0.0042 0.0042 0.0042 
Region of Interest (m) 16093 16093 16093 16093 16093 16093 
















 1c_a_ 1c_a_ss 1c_b_ 1c_b_ss 1c_c_ 1c_c_ss 
       
Effluent       
Discharge Concentration (%) 100 100 100 100 100 100 
Flow Rate (m3/s) 0.001416 0.001416 0.014158 0.014158 0.87 0.87 
Density (kg/m3) 870 870 870 870 870 870 
       
Ambient       
Average Depth (m) 6.096 6.096 6.096 6.096 6.096 6.096 
Depth at Discharge (m) 6.096 6.096 6.096 6.096 6.096 6.096 
Wind Speed (m/s) 4.4704 4.4704 4.4704 4.4704 4.4704 4.4704 
Flowrate (m3/s) 849.51 849.51 849.51 849.51 849.51 849.51 
Width (m) 1609.34 1609.34 1609.34 1609.34 1609.34 1609.34 
Manning's n 0.03 0.03 0.03 0.03 0.03 0.03 
Temperature ( C ) 8 8 8 8 8 8 
       
Discharge       
Nearest Bank  left left left left left left 
Distance to Nearest Bank (m) 804.67 804.67 804.67 804.67 804.67 804.67 
Theta (degrees) 90 90 90 90 90 90 
Sigma (degrees) 0 0 0 0 0 0 
Port Diamter (m) 0.004234 X 0.004234 X 0.004234 X 
Port Area (m2) X 0.0052 X 0.0052 X 0.0052 
Port Ht. Above Channel Btm. (m) 0 0 0 0 0 0 
       
Mixing Zone       
CMC (%) 0.015 0.015 0.015 0.015 0.015 0.015 
CCC (%) 0.0042 0.0042 0.0042 0.0042 0.0042 0.0042 
Region of Interest (m) 16093 16093 16093 16093 16093 16093 
















 2a_a_ 2a_a_ss 2a_b_ 2a_b_ss 2a_c_ 2a_c_ss 
       
Effluent       
Discharge Concentration (%) 100 100 100 100 100 100 
Flow Rate (m3/s) 0.001416 0.001416 0.014158 0.014158 0.87 0.87 
Density (kg/m3) 870 870 870 870 870 870 
       
Ambient       
Average Depth (m) 3.658 3.658 3.658 3.658 3.658 3.658 
Depth at Discharge (m) 3.658 3.658 3.658 3.658 3.658 3.658 
Wind Speed (m/s) 4.4704 4.4704 4.4704 4.4704 4.4704 4.4704 
Flowrate (m3/s) 169.9 169.9 169.9 169.9 169.9 169.9 
Width (m) 121.92 121.92 121.92 121.92 121.92 121.92 
Manning's n 0.03 0.03 0.03 0.03 0.03 0.03 
Temperature ( C ) 18 18 18 18 18 18 
       
Discharge       
Nearest Bank  left left left left left left 
Distance to Nearest Bank (m) 60.96 60.96 60.96 60.96 60.96 60.96 
Theta (degrees) 90 90 90 90 90 90 
Sigma (degrees) 0 0 0 0 0 0 
Port Diamter (m) 0.004234 X 0.004234 X 0.004234 X 
Port Area (m2) X 0.0052 X 0.0052 X 0.0052 
Port Ht. Above Channel Btm. (m) 0 0 0 0 0 0 
       
Mixing Zone       
CMC (%) 0.015 0.015 0.015 0.015 0.015 0.015 
CCC (%) 0.0042 0.0042 0.0042 0.0042 0.0042 0.0042 
Region of Interest (m) 16093 16093 16093 16093 16093 16093 
















 2b_a_ 2b_a_ss 2b_b_ 2b_b_ss 2b_c_ 2b_c_ss 
       
Effluent       
Discharge Concentration (%) 100 100 100 100 100 100 
Flow Rate (m3/s) 0.001416 0.001416 0.014158 0.014158 0.87 0.87 
Density (kg/m3) 870 870 870 870 870 870 
       
Ambient       
Average Depth (m) 3.658 3.658 3.658 3.658 3.658 3.658 
Depth at Discharge (m) 3.658 3.658 3.658 3.658 3.658 3.658 
Wind Speed (m/s) 4.4704 4.4704 4.4704 4.4704 4.4704 4.4704 
Flowrate (m3/s) 283.17 283.17 283.17 283.17 283.17 283.17 
Width (m) 121.92 121.92 121.92 121.92 121.92 121.92 
Manning's n 0.03 0.03 0.03 0.03 0.03 0.03 
Temperature ( C ) 4 4 4 4 4 4 
       
Discharge       
Nearest Bank  left left left left left left 
Distance to Nearest Bank (m) 60.96 60.96 60.96 60.96 60.96 60.96 
Theta (degrees) 90 90 90 90 90 90 
Sigma (degrees) 0 0 0 0 0 0 
Port Diamter (m) 0.004234 X 0.004234 X 0.004234 X 
Port Area (m2) X 0.0052 X 0.0052 X 0.0052 
Port Ht. Above Channel Btm. (m) 0 0 0 0 0 0 
       
Mixing Zone       
CMC (%) 0.015 0.015 0.015 0.015 0.015 0.015 
CCC (%) 0.0042 0.0042 0.0042 0.0042 0.0042 0.0042 
Region of Interest (m) 16093 16093 16093 16093 16093 16093 
















 2c_a_ 2c_a_ss 2c_b_ 2c_b_ss 2c_c_ 2c_c_ss 
       
Effluent       
Discharge Concentration (%) 100 100 100 100 100 100 
Flow Rate (m3/s) 0.001416 0.001416 0.014158 0.014158 0.87 0.87 
Density (kg/m3) 870 870 870 870 870 870 
       
Ambient       
Average Depth (m) 3.658 3.658 3.658 3.658 3.658 3.658 
Depth at Discharge (m) 3.658 3.658 3.658 3.658 3.658 3.658 
Wind Speed (m/s) 4.4704 4.4704 4.4704 4.4704 4.4704 4.4704 
Flowrate (m3/s) 849.51 849.51 849.51 849.51 849.51 849.51 
Width (m) 121.92 121.92 121.92 121.92 121.92 121.92 
Manning's n 0.03 0.03 0.03 0.03 0.03 0.03 
Temperature ( C ) 8 8 8 8 8 8 
       
Discharge       
Nearest Bank  left left left left left left 
Distance to Nearest Bank (m) 60.96 60.96 60.96 60.96 60.96 60.96 
Theta (degrees) 90 90 90 90 90 90 
Sigma (degrees) 0 0 0 0 0 0 
Port Diamter (m) 0.004234 X 0.004234 X 0.004234 X 
Port Area (m2) X 0.0052 X 0.0052 X 0.0052 
Port Ht. Above Channel Btm. (m) 0 0 0 0 0 0 
       
Mixing Zone       
CMC (%) 0.015 0.015 0.015 0.015 0.015 0.015 
CCC (%) 0.0042 0.0042 0.0042 0.0042 0.0042 0.0042 
Region of Interest (m) 16093 16093 16093 16093 16093 16093 



































































































































































The Data for all Trials for the Distance vs. Concentration Ggraphs 
 
The data for the Missouri River Clay Trials categorized by discharge flow. 
   
Low 
Discharge     
X1a (m) C (%) X1b (m) C (%) X1c (m) C (%) 
CMC 
(%) CCC (%) 
-6.06 0 -23.86 0 0 100 0.015 0.0042 
-5.83 0.0806 -23.02 0.0893 0 100   
-3.56 0.258 -14.8 0.285 0.01 3.97   
-1.29 0.331 -6.58 0.364 0.04 2.01   
0 100 0 100 0.1 1.33   
0 100 0 4.04 0.18 0.976   
0.01 4.03 0 100 0.28 0.761   
0.03 2.04 0.01 2.05 0.42 0.612   
0.06 1.36 0.03 1.37 0.54 0.303   
0.11 1.01 0.05 1.03 0.58 0.504   
0.18 0.797 0.08 0.815 0.77 0.421   
0.26 0.653 0.12 0.673 1 0.356   
0.35 0.547 0.16 0.571 1.25 0.303   
0.47 0.468 0.21 0.493 1.9 0.298   
0.6 0.405 0.27 0.432 3.26 0.266   
0.74 0.354 0.34 0.384 4.62 0.237   
0.98 0.354 1.65 0.378 5.98 0.222   
3.25 0.244 9.87 0.255 7.35 0.217   
5.52 0.208 18.09 0.221 233.6 0.0287   
253.65 0.0302 213.21 0.0314 459.85 0.00815   
501.78 0.00782 408.32 0.00865 686.11 0.00341   
749.91 0.00322 603.44 0.00367 912.36 0.00179   
998.05 0.00168 798.56 0.00195 1138.62 0.00107   
1246.18 0.00101 993.67 0.00118 4129.57 0.00103   
16093.39 0 4013.62 0.00117 7120.53 0.001   
  7033.57 0.00116 16093.4 0 0.015 0.0042 
  10053.51 0.00114     
  13073.45 0.00113     







   Med Discharge    
X1a (m) C (%) X1b (m) C (%) X1c (m) C (%) 
CMC 
(%) CCC (%) 
0 100 0 100 0 100 0.015 0.0042 
90.11 0 154.32 0 160.99 0   
164.46 0.348 163.7 0.347 163.77 0.347   
258.03 0.201 237.96 0.299 216.67 0.314   
1903.7 0.0015 1057.62 0.0157 762.3 0.0258   
8486.35 0.005 1877.29 0.00552 1307.94 0.00934   
16093.4 0 2696.95 0.00353 1853.57 0.00601   
16093.4 0.001 3516.62 0.00295 2399.21 0.00503   
  4336.28 0.00273 2944.84 0.00466   
  4336.28 0.00273 2944.84 0.00466   
  6687.71 0.0025 5574.55 0.00167   
  9039.13 0.0025 8204.27 0.00167   
  11390.56 0.0025 10833.97 0.00167   
  13741.98 0.0025 13463.68 0.00167   
  16093.41 0.0025 16093.39 0.00167 0.015 0.0042 
 
   High Discharge    
X1a (m) C (%) X1b (m) C (%) X1c (m) C (%) 
CMC 
(%) CCC (%) 
0 100 0 100 0 100 0.015 0.0042 
5677.38 0 9483.8 0 9892.61 0   
6430.13 2.79 9824.88 4.84 10063.12 5.41   
10105.72 5.42 10058.93 5.41 10115.52 5.32   
13807.12 0.0758 13167.42 0.0807 12300.06 0.198   
21184.11 0.0103 16509.96 0.0236 14484.6 0.0652   
28561.1 0.00525 19852.5 0.0143 16669.13 0.0408   
35938.09 0.00409 23195.04 0.0118 18853.67 0.0339   










The data for the Missouri River Sandy Trials categorized by discharge flow. 
  Low Discharge     
X1a (m) C (%) X1b (m) C (%) X1c (m) C (%) 
CMC 
(%) CCC (%) 
-21.69 0 -3.3 0 0 100 0.015 0.0042 
-20.91 0.158 -3.12 0.115 0.17 13.9   
-13.24 0.504 -1.3 0.368 0.46 5.04   
-5.58 0.643 0 100 0.81 2.61   
0 100 0 100 1.2 1.6   
0 100 0.09 18 1.62 1.08   
0.04 20 0.23 7.04 2.07 0.784   
0.1 8.06 0.4 3.82 2.54 0.596   
0.17 4.5 0.52 0.475 3.03 0.469   
0.25 2.91 0.6 2.42 3.16 0.314   
0.33 2.06 0.82 1.68 3.53 0.379   
0.43 1.55 1.06 1.24 3.69 0.314   
0.53 1.21 1.31 0.954 4.05 0.314   
0.64 0.975 1.58 0.758 4.22 0.306   
0.75 0.805 1.86 0.618 4.75 0.236   
0.87 0.678 2.15 0.514 5.28 0.196   
2.09 0.667 2.34 0.513 5.82 0.185   
9.76 0.407 4.16 0.365 232.1 0.0299   
17.42 0.342 5.98 0.302 458.38 0.00822   
214.09 0.0346 255.57 0.0331 684.66 0.00342   
410.75 0.00893 505.16 0.00804 910.94 0.00179   
607.42 0.00372 754.74 0.00325 1137.22 0.00107   
804.08 0.00196 1004.33 0.00169 4128.46 0.00103   
1000.74 0.00118 1253.92 0.00101     
4019.27 0.00117       
7037.81 0.00115       
10056.34 0.00114       
13074.87 0.00113       









  Med Discharge     
X1a (m) C (%) X1b (m) C (%) X1c (m) C (%) 
CMC 
(%) CCC (%) 
-178.45 0 -26.65 0 -7.8 0 0.015 0.0042 
-172.45 0.742 -25.7 0.709 -7.48 0.651   
-113.63 2.37 -16.39 2.26 -4.35 2.08   
-54.82 3.04 -7.08 2.88 -1.22 2.64   
0 100 0 100 0 100   
0 100 0 100 0 100   
0.01 45.5 0.02 45.1 0.03 44.4   
0.02 25.4 0.05 25 0.08 24.2   
0.05 16.2 0.1 16 0.16 15.3   
0.08 11.5 0.16 11.1 0.27 10.5   
0.11 8.59 0.24 8.23 0.39 7.62   
0.14 6.71 0.31 6.38 0.52 5.89   
0.18 5.4 0.4 5.11 0.66 4.71   
0.22 4.5 0.49 4.2 0.81 3.87   
0.26 3.78 0.58 3.53 0.97 3.24   
0.31 3.23 0.68 3.04 1.14 2.78   
4 3.18 2.23 2.99 1.91 2.73   
62.81 0.763 11.54 1.88 5.03 1.88   
121.63 0.543 20.84 1.6 8.16 1.64   
348.11 0.175 672.89 0.0966 595.65 0.102   
574.59 0.0763 1324.93 0.0218 1183.15 0.0229   
801.08 0.0403 1976.98 0.00858 1770.64 0.009   
1027.56 0.0241 2629.02 0.00437 2358.13 0.00459   
1254.04 0.0157 3281.06 0.00258 2945.63 0.00272   
4221.92 0.00885 5843.53 0.00258 5575.18 0.00271   
7189.79 0.005 8406 0.00257 8204.74 0.00271   
10157.66 0.005 10968.47 0.00257 10834.29 0.0027   
13125.53 0.005 13530.94 0.00257 13463.84 0.00269   










   High Discharge    
X1a (m) C (%) X1b (m) C (%) X1c (m) C (%) 
CMC 
(%) CCC (%) 
-
2662.93 0 -347.2 0 -48.07 0 0.015 0.0042 
-
2552.42 1.35 -319.08 1.66 -32.86 2.04   
-
1469.39 4.28 -43.53 4.99 0 100   
-386.36 5.31 0 100 116.23 5.4   
0 100 119.38 5.4 119.43 5.41   
119.94 5.42 232.02 5.06 265.31 4.89   
696.68 1.45 507.57 3.35 414.4 4.14   
1779.71 0.388 783.12 2.62 563.48 3.77   
2862.74 0.303 1058.67 2.42 712.57 3.64   
  1058.67 2.42 712.57 3.64   
  4065.62 2.42 3788.73 3.64   
  7072.56 2.42 6864.9 3.63   
  10079.51 2.42 9941.07 3.63   
  13086.45 2.42 13017.24 3.63   





The data for the St. Croix River Clay Trials categorized by discharge flow. 
   Low Discharge    
X2a (m) C (%) X2b (m) C (%) X2c (m) C (%) 
CMC 
(%) CCC (%) 
0 100 0 100 0 100 0.015 0.042 
0 100 0 100 0 100   
0.06 3.47 0.9 0.647 17.63 0.132   
0.28 1.45 2.52 0.3 35.54 0.0823   
0.66 0.757 4.18 0.211 53.45 0.0611   
1.16 0.476 5.85 0.168 71.35 0.0487   
1.72 0.346 7.52 0.142 89.26 0.0406   
2.29 0.276 9.19 0.124 107.17 0.0347   
2.88 0.231 10.87 0.11 125.07 0.0302   
3.47 0.201 12.54 0.0998 142.98 0.0268   
3.98 0.162 14.22 0.0913 160.89 0.024   
4.06 0.179 15.14 0.0843 177.92 0.0217   
4.39 0.162 15.59 0.0843 178.44 0.0217   
4.66 0.162 15.89 0.0843 178.79 0.0217   
4.8 0.158 16.04 0.0821 178.96 0.0211   
5.2 0.122 16.5 0.0633 179.49 0.0163   
5.61 0.101 16.95 0.0526 180.01 0.0135   
6.02 0.0952 17.4 0.0496 180.53 0.0127   
10.68 0.0871 1766.83 0.00112 200 0.001   
15.34 0.0799 5132.4 0.001 5132.4 0.001   
20.01 0.073       
24.67 0.0666       
29.33 0.0604       
1730.36 0.00186       
3431.38 0.00132       










   Med Discharge    
X2a (m) C (%) X2b (m) C (%) X2c (m) C (%) 
CMC 
(%) CCC (%) 
-0.2 0.689 -0.09 0.687 0 100 0.015 0.0042 
0 100 0 100 0 100   
0 6.6 0 6.74 0.01 6.24   
0 100 0 100 0.04 3.18   
0.01 3.41 0.01 3.48 0.09 2.08   
0.01 2.3 0.02 2.35 0.16 1.52   
0.02 1.73 0.04 1.76 0.26 1.17   
0.04 1.38 0.06 1.41 0.39 0.918   
0.06 1.16 0.09 1.17 0.55 0.738   
0.08 0.988 0.13 1 0.7 0.417   
0.1 0.864 0.17 0.871 0.74 0.602   
0.13 0.767 0.22 0.768 0.95 0.497   
0.16 0.689 0.27 0.687 1.19 0.417   
0.6 0.674 0.69 0.672 1.53 0.412   
1.41 0.6 1.48 0.599 2.36 0.368   
2.21 0.536 2.27 0.534 3.19 0.326   
3.02 0.505 3.05 0.503 4.02 0.306   
3.82 0.492 3.84 0.491 4.85 0.298   
78.72 0.205 19.55 0.339 1713.13 0.00373   
153.62 0.0985 35.26 0.274 3421.4 0.00264   
228.53 0.0504 50.97 0.218 5129.67 0.00215   
303.43 0.0288 66.69 0.171 6837.95 0.00186   
378.33 0.0181 82.4 0.133 8546.23 0.00167   
1684 0.0134 1813.76 0.0109 8546.23 0.00167   
2989.67 0.0113 3545.13 0.00784 10055.66 0.00167   
4295.34 0.01 5276.49 0.00643 11565.09 0.00167   
5601 0.00906 7007.85 0.00558 13074.53 0.00167   
6906.67 0.00833 8739.22 0.005 14583.96 0.00167   
6906.67 0.00833 8739.22 0.005 16093.39 0.00167 0.015 0.0042 
8744.02 0.00833 10210.06 0.005     
10581.36 0.00833 11680.9 0.005     
12418.71 0.00833 13151.74 0.005     
14256.05 0.00833 14622.58 0.005     







   High Discharge    
X2a (m) C (%) X2b (m) C (%) X2c (m) C (%) 
CMC 
(%) CCC (%) 
0 100 0 100 -0.35 0.7 0.015 0.0042 
10103.74 0 10058.5 0 0 1.39   
10105.72 12.7 10058.93 13.2 0 1.16   
10124.98 12.4 10070.75 12.3 0 1.73   
10333.12 3.09 10190.78 1.46 0 6.6   
10541.26 1.26 10310.81 0.541 0 3.41   
10749.41 0.832 10430.83 0.35 0 2.3   
10957.55 0.702 10550.86 0.294 0.01 0.7   
11165.69 0.652 10670.89 0.272 0.01 0.777   
11165.69 0.652 16093.4 0.252 0.01 0.997   
12151.23 0.599   0.01 0.873   
13136.77 0.547   0.45 0.684   
14122.3 0.512   1.26 0.609   
15107.84 0.512   2.06 0.544   
16093.38 0.512   2.87 0.513   
    3.67 0.5   
    1641.97 0.212   
    3280.27 0.157   
    4918.57 0.13   
    6556.87 0.114   
    8195.17 0.102   
    8195.17 0.102   
    9774.82 0.102   
    11354.47 0.102   
    12934.11 0.102   
    14513.76 0.102   











The data for the St. Croix River Sandy Trials categorized by discharge flow. 
  Low Discharge     
X2a (m) C (%) X2b (m) C (%) X2c (m) C (%) 
CMC 
(%) CCC (%) 
0 100 0 100 0 100 0.015 0.0042 
0 100 0 100 0 100   
0.07 63.2 0.07 48.3 0.07 22.2   
0.14 34.9 0.14 22.6 0.14 8.19   
0.22 24.9 0.22 15.3 0.22 5.23   
0.29 21.6 0.29 13 0.29 4.37   
0.36 20.2 0.36 12.1 0.36 4.04   
0.53 20.2 0.49 12.1 0.44 4.04   
2.64 2.4 4.83 1.52 23.46 0.509   
4.76 0.996 9.18 0.64 46.49 0.216   
6.89 0.588 13.53 0.381 69.52 0.129   
9.03 0.404 17.88 0.263 92.56 0.0886   
11.17 0.301 22.24 0.197 115.59 0.0663   
13.32 0.237 26.59 0.155 138.61 0.0523   
15.46 0.194 30.96 0.127 161.63 0.0427   
17.61 0.162 35.31 0.107 184.65 0.0359   
19.76 0.139 39.67 0.0913 207.65 0.0307   
21.08 0.121 43.25 0.0795 229.89 0.0268   
21.58 0.121 43.72 0.0795 230.36 0.0268   
21.9 0.121 44.03 0.0795 230.67 0.0268   
22.07 0.118 44.19 0.0774 230.83 0.026   
22.56 0.0909 44.66 0.0598 231.3 0.0201   
23.05 0.0756 45.13 0.0497 231.77 0.0167   
23.54 0.0712 45.61 0.0468 232.24 0.0157   
28.14 0.0659 1794.98 0.00112     
32.73 0.0611       
37.32 0.0565       
41.91 0.052       
46.5 0.0479       
1747.15 0.00185       
3447.81 0.00132       







  Med Discharge     
X2a (m) C (%) X2b (m) C (%) X2c (m) C (%) 
CMC 
(%) CCC (%) 
0 100 0 100 0 100 0.015 0.0042 
0.01 100 0 100 0 100   
0.2 27.7 0.95 10.2 0.07 82.1   
0.61 12.3 2.14 5.16 0.14 59   
1.12 7.25 3.35 3.36 0.22 47.1   
1.65 5 4.56 2.44 0.29 42.4   
2.19 3.74 5.81 1.88 0.36 40.4   
2.75 2.95 7.03 1.52 0.6 40.4   
3.3 2.41 8.25 1.26 8.48 3.86   
3.89 2.01 9.47 1.07 16.36 1.7   
4.32 1.51 10.7 0.931 24.25 1.04   
4.45 1.72 11.18 0.817 32.13 0.725   
4.74 1.51 11.64 0.817 40.02 0.548   
5.02 1.51 11.95 0.817 47.9 0.436   
5.16 1.47 12.1 0.795 55.78 0.358   
5.58 1.13 12.56 0.614 63.67 0.302   
6 0.94 13.02 0.51 71.55 0.26   
6.43 0.886 13.48 0.481 78.6 0.227   
80.68 0.318 27.84 0.382 79.11 0.227   
154.94 0.122 42.19 0.307 79.45 0.227   
229.19 0.0566 56.54 0.241 79.62 0.221   
303.45 0.031 70.9 0.188 80.13 0.171   
377.7 0.0191 85.25 0.146 80.64 0.142   
1686.11 0.0134 1816.59 0.0109 81.15 0.133   
2994.51 0.0113 3547.93 0.00784 1788.2 0.00372   
4302.92 0.01 5279.27 0.00643 3495.24 0.00263   
5611.33 0.00906 7010.6 0.00558 5202.29 0.00215   
6919.73 0.00833 8741.94 0.005 6909.34 0.00186   
6919.73 0.00833 8741.94 0.005 8616.38 0.00167   
8754.47 0.00833 10212.23 0.005 8616.38 0.00167   
10589.2 0.00833 11682.53 0.005 10111.78 0.00167   
12423.94 0.00833 13152.82 0.005 11607.18 0.00167   
14258.68 0.00833 14623.11 0.005 13102.58 0.00167   
16093.41 0.00833 16093.41 0.005 14597.99 0.00167 0.015 0.0042 








  High Discharge     
X2a (m) C (%) X2b (m) C (%) X2c (m) C (%) 
CMC 
(%) CCC (%) 
0 100 0 100 -0.14 13.1 0.015 0.0042 
117.96 0 118.95 0 0 100   
119.11 11.3 119.38 13.2 0 65.6   
119.94 12.7 119.6 13.2 0 100   
130.36 12.6 125.96 13 0.01 45.8   
141.62 12.4 132.33 12.4 0.02 35.5   
152.87 12.2 138.69 12 0.04 28.7   
164.12 12.1 145.05 11.8 0.06 24.1   
175.38 12.1 151.42 11.7 0.08 20.7   
175.38 12.1 151.42 11.7 0.11 18.1   
3358.98 11.9 3339.81 10.6 0.14 16.1   
6542.59 11.7 6528.21 9.61 0.18 14.4   
9726.19 11.6 9716.61 8.57 0.23 13.1   
12909.79 11.4 12905.01 7.54 0.66 12.8   
16093.4 11.2 16093.41 6.5 1.47 11.4 0.015 0.0042 
    2.27 10.2   
    3.08 9.56   
    3.88 9.32   
    41.12 4.88   
    78.35 3.08   
    115.59 1.89   
    152.82 1.2   
    190.05 0.799   
    1800.89 0.206   
    3411.73 0.155   
    5022.57 0.13   
    6633.41 0.114   
    8244.25 0.102   
    8244.25 0.102   
    9814.09 0.102   
    11383.92 0.102   
    12953.75 0.102   
    14523.59 0.102   







Flow Class Description from CORMIX 
 
************************** FLOW CLASS DESCRIPTION ******************* 
 





A submerged buoyant effluent issues vertically or near-vertically 
from the discharge port. 
 
The discharge configuration is hydrodynamically "stable", that is 
the discharge strength (measured by its momentum flux) is weak in 
relation to the layer depth and in relation to the stabilizing  
effect of the discharge buoyancy (measured by its buoyancy flux). 
 
The following flow zones exist: 
 
1) Weakly deflected jet in crossflow: The flow is initially 
dominated by the effluent momentum (jet-like) and is weakly 
deflected by the ambient current. 




discharge buoyancy becomes the dominating factor (plume-like). The  
plume deflection by the ambient current is still weak.  
 
Alternate possibility: Depending on the ratio of the jet to 
crossflow length scale to the plume to crossflow length scale the 
above zone may be replaced by a strongly deflected jet in crossflow: 
2) Strongly deflected jet in crossflow: The jet has become strongly 
deflected by the ambient current. 
 
3) Strongly deflected plume in crossflow: The plume has been strongly  
deflected by the current and is slowly rising toward the surface. 
 
4) Layer boundary approach: The bent-over submerged jet/plume 
approaches the layer boundary (water surface or pycnocline). Within 
a short distance the concentration distribution becomes relatively  
uniform across the plume width and thickness. 
 
*** The zones listed above constitute the NEAR-FIELD REGION  
 in which strong initial mixing takes place. *** 
 
5) Buoyant spreading at layer boundary: The plume spreads laterally 
along the layer boundary (surface or pycnocline) while it is being  




during this phase. The mixing rate is relatively small. The plume 
may interact with a nearby bank or shoreline. 
 
6) Passive ambient mixing: After some distance the background 
turbulence in the ambient shear flow becomes the dominating mixing  
mechanism. The passive plume is growing in depth and in width. The  
plume may interact with the channel bottom and/or banks. 




************************** FLOW CLASS DESCRIPTION ****************** 
 





A submerged buoyant effluent issues vertically or near-vertically 
from the discharge port. 
  
The discharge configuration is hydrodynamically "stable", that is 
the discharge strength (measured by its momentum flux) is weak in 
relation to the layer depth. The discharge buoyancy plays a minor 
role in this case. 
 
The following flow zones exist: 
1) Weakly deflected jet in crossflow: The flow is initially  
dominated by the effluent momentum (jet-like) and is weakly  
deflected by the ambient current. 
 
2) Strongly deflected jet in crossflow: The jet has become strongly 
deflected by the ambient current and is slowly rising toward the 
surface.  
 
3) Layer boundary approach: The bent-over submerged jet/plume 
approaches the layer boundary (water surface or pycnocline). 
Within a short distance the concentration distribution becomes 
relatively uniform across the plume width and thickness. 
 
*** The zones listed above constitute the HYDRODYNAMIC MIXING 
ZONE in which strong initial mixing takes place. *** 
 
4) Buoyant spreading at layer boundary: The plume spreads 
laterally along the layer boundary (surface or pycnocline) while it is 
being advected by the ambient current. The plume thickness may decrease 
during this phase. The mixing rate is relatively small. The plume 
may interact with a nearby bank or shoreline. 
 
5) Passive ambient mixing: After some distance the background 
turbulence in the ambient shear flow becomes the dominating 
mixing mechanism. The passive plume is growing in depth and in width. 
The plume may interact with the channel bottom and/or banks. 
 




the definitions of the REGULATORY MIXING ZONE or the REGION OF INTEREST. 
*** 
 
SPECIAL CASE: If discharge is non-buoyant, then the layer 





************************** FLOW CLASS DESCRIPTION ****************** 
 





A submerged buoyant effluent issues vertically or near-vertically 
from the discharge port. 
 
The discharge configuration is hydrodynamically "stable", that is 
the discharge strength (measured by its momentum flux) is weak in 
relation to the layer depth and in relation to the stabilizing 
effect of the discharge buoyancy (measured by its buoyancy flux). 
The buoyancy effect is very strong in the present case. 
 
The following flow zones exist: 
1) Weakly deflected jet in crossflow: The flow is initially 
dominated by the effluent momentum (jet-like) and is weakly 
deflected by the ambient current. 
 
2) Weakly deflected plume in crossflow: After some distance the 




plume deflection by the ambient current is still weak. 
 
3) Layer boundary impingement / upstream spreading: The weakly bent 
jet/plume impinges on the layer boundary (water surface or 
pycnocline) at a near-vertical angle. After impingement the flow 
spreads more or less radially along the layer boundary. In 
particular, the flow spreads some distance upstream against the 
ambient flow, and laterally across the ambient flow. This spreading 
is dominated by the strong buoyancy of the discharge. 
 
*** The zones listed above constitute the NEAR-FIELD REGION 
 in which strong initial mixing takes place. *** 
 
4) Buoyant spreading at layer boundary: The plume spreads laterally 
along the layer boundary (surface or pycnocline) while it is being 
advected by the ambient current. The plume thickness may decrease 
during this phase. The mixing rate is relatively small. The plume 
may interact with a nearby bank or shoreline. 
 
5) Passive ambient mixing: After some distance the background 
turbulence in the ambient shear flow becomes the dominating mixing 
mechanism. The passive plume is growing in depth and in width. The 





***  Predictions will be terminated in zone 4 or 5 depending on 
 the definitions of the REGULATORY MIXING ZONE or the REGION OF 





************************** FLOW CLASS DESCRIPTION ****************** 
 





A submerged buoyant effluent issues vertically or near-vertically 
from the discharge opening. 
 
The discharge configuration is hydrodynamically "unstable", that 
is the discharge strength (measured by its momentum flux) dominates 
the flow in relation to the limited layer depth. The role of 
buoyancy is secondary. 
 
The following flow zones exist: 
1) Weakly deflected jet in crossflow: The flow is dominated by the 
effluent momentum (jet-like) and is weakly deflected by the ambient 
current. 
 
2) Layer boundary impingement / full vertical mixing: The weakly 
bent jet impinges on the layer boundary (water surface or 
pycnocline) at a near-vertical angle. Given the shallow layer depth 
and the weak buoyancy of the discharge, the flow becomes unstable 
after impingement. This results in a recirculating region 
immediately downstream that extends over the full layer depth. 
 
3) Passive ambient mixing: The vertically fully mixed plume is 
further advected by the ambient flow and spreads laterally through 
ambient diffusion. The plume may interact with a nearby bank or 
shoreline. 
 
*** The ambient flow plays an important role in this flow 
 configuration. Hence, all the zones listed above constitute 
 the NEAR-FIELD REGION with strong initial mixing. 
 Predictions will be terminated in zone 3 depending on the 
 definitions of the REGULATORY MIXING ZONE or the REGION OF 





************************** FLOW CLASS DESCRIPTION ****************** 
 





A submerged buoyant effluent issues vertically or near-vertically 
from the discharge port. 
 
The discharge configuration is hydrodynamically "stable", that is 
the discharge strength (measured by its momentum flux) is weak in 
relation to the layer depth and in relation to the stabilizing 
effect of the discharge buoyancy (measured by its buoyancy flux). 
The buoyancy effect is very strong in the present case. 
 
The following flow zones exist: 
1) Weakly deflected jet in crossflow: The flow is initially 
dominated by the effluent momentum (jet-like) and is weakly 
deflected by the ambient current. 
 
2) Weakly deflected plume in crossflow: After some distance the 
discharge buoyancy becomes the dominating factor (plume-like). The 
plume deflection by the ambient current is still weak. 
    
3) Layer boundary impingement / upstream spreading: The weakly bent 
jet/plume impinges on the layer boundary (water surface or 
pycnocline) at a near-vertical angle. After impingement the flow 
spreads more or less radially along the layer boundary. In 
particular, the flow spreads some distance upstream against the 
ambient flow, and laterally across the ambient flow. This spreading 
is dominated by the strong buoyancy of the discharge. 
 
Alternate possibility (instead of 3) for strong momentum flux: 
3a) Layer boundary approach: The bent-over submerged jet/plume 
approaches the layer boundary (water surface or pycnocline). 
 
3b) Weakly deflected surface/bottom plume: The flow cross-section  
becomes distorted by the buoyancy, resulting in thinning of the  
flow and increased non-linear lateral spreading. The dilution is  
reduced in this regime due to suppression of the vertical mixing  
by buoyancy forces. 
 
3c) Strongly deflected surface/bottom plume: The cross-section of  




This may result in thinning of the plume. The flow is strongly  
deflected by the ambient current. 
 
*** The zones listed above constitute the NEAR-FIELD REGION 
 in which strong initial mixing takes place. *** 
 
4) Buoyant spreading at layer boundary: The plume spreads laterally 
along the layer boundary (surface or pycnocline) while it is being 
advected by the ambient current. The plume thickness may decrease 
during this phase. The mixing rate is relatively small. The plume 
may interact with a nearby bank or shoreline. 
 
5) Passive ambient mixing: After some distance the background 
turbulence in the ambient shear flow becomes the dominating mixing 
mechanism. The passive plume is growing in depth and in width. The 
plume may interact with the channel bottom and/or banks. 
 
***  Predictions will be terminated in zone 4 or 5 depending on 
 the definitions of the REGULATORY MIXING ZONE or the REGION OF 
 INTEREST. *** 
 
SPECIAL CASE: If the ambient is stagnant, then advection and 
diffusion by the ambient flow (zones 4 and 5) cannot be considered. 
The mixing is limited to the NEAR-FIELD REGION (zones 1 to 
3) and the predictions will be terminated at this stage. Such 
stagnant water predictions may be a useful initial mixing indicator 
for a given site and discharge design. 
For practical final predictions, however, the advection and 
diffusion of the ambient flow - no matter how small in magnitude 






************************ FLOW CLASS DESCRIPTION ******************** 
 





A submerged buoyant effluent issues vertically or near-vertically 
from the discharge port. 
 
The discharge configuration is hydrodynamically "unstable", that 
is the discharge strength (measured by its momentum flux) dominates 
the flow in relation to the limited layer depth and in relation to 
the weak stabilizing effect of the discharge buoyancy (measured by 
its buoyancy flux). However, the buoyancy is generally strong 
enough to affect the flow at larger distances downstream from the 
unstable initial region. 
 
The following flow zones exist: 
 
1) Unstable recirculation / buoyant restratification / upstream 
spreading: The buoyant jet rises near-vertically and impinges on 
the layer boundary (water surface or pycnocline). After impingement 
the mixed flow recirculates over the limited layer depth and 
becomes partially re-entrained into the discharge jet. The degree 
of recirculation - and hence the overall mixing in this region - 
is controlled by restratification of the flow at the edge of this 
recirculating region. The restratified flow spreads along the layer 
boundary. In particular, the flow spreads some distance upstream 
against the ambient current, and laterally across the ambient flow. 
 
*** The region described above constitutes the HYDRODYNAMIC MIXING 
 ZONE in which strong initial mixing takes place. *** 
 
2) Buoyant spreading at layer boundary: The plume spreads laterally 
along the layer boundary (surface or pycnocline) while it is being 
advected by the ambient current. The plume thickness may decrease 
during this phase. The mixing rate is relatively small. The plume 
may interact with a nearby bank or shoreline. 
 
3) Passive ambient mixing: After some distance the background 
turbulence in the ambient shear flow becomes the dominating mixing 
mechanism. The passive plume is growing in depth and in width. The 




    
***  Predictions will be terminated in zone 2 or 3 depending on 
 the definitions of the REGULATORY MIXING ZONE or the REGION OF 
 INTEREST. 
 
SPECIAL CASE: If the ambient is stagnant, so that advection and 
diffusion by the ambient flow (zones 2 and 3) cannot be considered. 
The mixing is limited to the NEAR-FIELD REGION (zone 1) and 
the predictions will be terminated at this stage. Such stagnant 
water predictions may be a useful initial mixing indicator for a 
given site and discharge design. For practical final predictions, 
however, the advection and diffusion of the ambient flow - no 
matter how small in magnitude - should be considered. 
    
SPECIAL SPECIAL CASE: If, in addition, the discharge is non- 
buoyant, then no steady-state behavior is possible in this case. 
The repeated recirculation in the near-field will lead to an 
unsteady concentration build-up. This would be an UNDESIRABLE 
discharge design, and no reliable predictive techniques exist for 
this situation. 
CORMIX1 WILL NOT PROVIDE A DETAILED PREDICTION FOR THIS CASE. 
 






************************** FLOW CLASS DESCRIPTION *************** 
 
The following description of flow class V1A1 applies to the FULL WATER DEPTH at 
the discharge site. 
 
Since the flow experiences bottom attachment, the description for the ACTUAL 




Irrespective of the buoyancy or direction of the discharge, the 
near-field of this flow configuration is dominated by wake 
attachment. The ambient crossflow effect is strong and/or the 
height of the discharge port above the bottom is too small. This 
leads to rapid attachment of the discharge flow to the bottom with 
a recirculation wake in the lee of the discharge structure. 
Following the recirculation the discharge flow will lift off from 
the bottom due to its strong buoyancy. 
 
In the absence of wake attachment the dominant flow class would be 
given by the prefix (..). You may request detailed information on 
that flow class further below. Additional advice on how to prevent 
bottom attachment (e.g. by increasing the height of the discharge 
port) will be provided in the summary program element SUM. 
 
The following flow zones exist: 
    
1) Recirculation zone: The discharge flow becomes quickly 
deflected by the ambient flow and attaches to the bottom. A 
recirculation eddy exists in the lee of the discharge structure. 
 
2) Lift-off: Because of the positive buoyancy the plume detaches 
from the bottom and starts to rise upward.  
  
3) Strongly deflected plume in crossflow: The plume has been strongly 
deflected by the current and is slowly rising toward the surface. 
  
4) Layer boundary approach: The bent-over submerged jet/plume 
approaches the layer boundary (water surface or pycnocline). Within 
a short distance the concentration distribution becomes relatively 
uniform across the plume width and thickness. 
 
*** The zones listed above constitute the NEAR-FIELD REGION 
 in which strong initial mixing takes place. *** 




5) Buoyant spreading at layer boundary: The plume spreads laterally 
along the layer boundary (surface or pycnocline) while it is being 
advected by the ambient current. The plume thickness may decrease 
during this phase. The mixing rate is relatively small. The plume 
may interact with a nearby bank or shoreline. 
  
6) Passive ambient mixing: After some distance the background 
turbulence in the ambient shear flow becomes the dominating mixing 
mechanism. The passive plume is growing in depth and in width. The 
plume may interact with the channel bottom and/or banks. 
  
***  Predictions will be terminated in zone 5 or 6 depending on 
 the definitions of the REGULATORY MIXING ZONE or the REGION OF 
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